Qin X, Boron WF. Mutation of a single amino acid converts the human water channel aquaporin 5 into an anion channel. Am J Physiol Cell Physiol 305: C663-C672, 2013. First published July 10, 2013; doi:10.1152/ajpcell.00129.2013.-Aquaporin 6 (AQP6) is unique among mammalian AQPs in being an anion channel with negligible water permeability. However, the point mutation Asn60Gly converts AQP6 from an anion channel into a water channel. In the present study of human AQP5, we mutated Leu51 (corresponding to residue 61 in AQP6), the side chain of which faces the central pore. We evaluated function in Xenopus oocytes by two-electrode voltage clamp, video measurements of osmotic H 2O permeability (Pf), microelectrode measurements of surface pH (pH S) to assess CO2 permeability, and surface biotinylation. We found that AQP5-L51R does not exhibit the H 2O or CO2 permeability of the wild-type protein but instead has a novel p-chloromercuribenzene sulfonate (pCMBS)-sensitive current. The double mutant AQP5-L51R/C182S renders the conductance insensitive to pCMBS, demonstrating that the current is intrinsic to AQP5. AQP5-L51R has the anion permeability sequence
erol. Not falling into either of these two groups are AQP8, AQP11, and AQP12.
Besides the traditional transport functions of AQPs described above, a novel function for AQPs was discovered by Nakhoul et al. (36) and Cooper and Boron (4) , who demonstrated that AQP1 is permeable to CO 2 , making AQP1 the first demonstrated gas channel. Subsequent work showed that AQP4 and AQP5 are also permeable to CO 2 (33, 42) . Besides CO 2 , aquaporins can also transport NH 3 and NO (4, 7, 10, 15, 16, 33, 36, 38) . Moreover, at least in plants, AQPs appear to play an important physiological role in CO 2 transport (12, 50, 51) . In addition to the aquaporins, other protein families transport gas, including the Rh proteins, which conduct NH 3 and CO 2 (6, 25, 33, 43) , and most recently the UT urea transporters, which conduct NH 3 but not CO 2 (9) .
The molecular mechanism by which aquaporins transport gas is not fully understood. In the case of AQP1, a cysteinedependent sensitivity to mercury is consistent with the idea that some of the CO 2 moves via the monomeric aquapores (4) . On the other hand, DIDS, which has no effect on H 2 O permeability (35) , also reduces the CO 2 conductance of AQP1 (7, 35) . Thus, it has been suggested (3, 5) that an alternate pathway for CO 2 through the AQPs may be the central pore at the fourfold axis of symmetry (8, 11, 13, 18, 19, 44, 46, 52, 53) . Moreover, molecular dynamics (MD) simulations suggest that the central pore could serve as a conduit for gases (CO 2 , NO, O 2 ) that have at least a partially hydrophobic character (54, 55, 57) .
Although ion transport is not a general characteristic of AQPs, AQP6 can act as ion channel (56) . Compared with the genes that encode the orthodox aquaporins located nearby on human chromosome 12 (AQP2 and AQP5; ref. 28) , AQP6 is unusual in having a negligible permeability to H 2 O that increases, rather than decreases, after treatment with mercury. Moreover, AQP6 behaves as a nonselective anion channel. When expressed in mammalian cells, AQP6 exhibits the anion permeability sequence NO 3 Ϫ Ͼ I Ϫ Ͼ Br Ϫ Ͼ Cl Ϫ Ͼ F Ϫ (14, 20, 56) . When rat AQP6 is heterologously expressed in Xenopus oocytes, a single amino acid substitution (N60G) can switch AQP6 from an anion channel to water channel (28) . AQP0, 1, and 2 all have a glycine residue in the position analogous to N60 in AQP6. However, attempts to verify the conversion of AQP0, 1, and 2 into ion channels by mutating this Gly residue to Asn have been unsuccessful because the mutation blocks surface expression in oocytes (28) .
The orthodox AQP5 is highly expressed in type I pneumocytes and salivary glands (27) . It has a high permeability not only to H 2 O (27) , but also to CO 2 but not NH 3 (33) . To our knowledge, investigators have not examined ion permeation in AQP5.
The starting point for the present study was to make, in AQP5, the Gly-to-Asn mutation (G50N) analogous to those made for AQP0, 1, and 2 (see above). Not surprisingly, oocytes expressing AQP5-G50N had neither a high H 2 O permeability nor an ion conductance. However, we found that, one residue downstream, the mutation L51R in human AQP5 simultaneously eliminates H 2 O and CO 2 permeability, while converting the protein into a nonselective anion channel. This is an interesting mutation because Leu51 side chain lines the hydrophobic central pore (19) . Nevertheless, experiments with a mercurial inhibitor as well as other Leu51 mutants are consistent with the idea that the electrical current flows, not through the central pore but through the monomeric pores of these AQP5 mutants. On the other hand, in AQP5 constructs permeable to CO 2 , this gas most likely follows, at least in part, a pathway other than the monomeric pores.
MATERIALS AND METHODS

Site-Directed Mutagenesis
AQP5 cDNA was subcloned into the pGH19 vector, such that the open-reading frame of AQP5 is flanked by the 5=-and 3=-UTR of the Xenopus ␤-globin gene (49) . We used the QuikChange Site-Directed Mutagenesis Kit (catalog no. 200518, Stratagene, Cedar Creek, TX) according to the manufacturer's protocol to make missense mutations of AQP5. The oligonucleotide primer pairs were synthesized by Fisher Scientific. For all of the L51 mutants, the forward primer was 5=-gctggcgtttggcNNNgccataggcacgctg-3=, in which NNN ϭ cgg for L51R, acg for L51T, gtg for L51V, gat for L51D, gag for L51E, aag for L51K, and cat for L51H. For the C182S mutant, the forward primer was 5=-gaatctacttcactggctcctccatgaacccagcccg-3=. Here, we refer to the mutant construct AQP5-L51R as L51R, and similarly refer to the others as L51T, L51V, L51D, L51E, L51K, L51H and L51R/ C182S. The cDNA sequences were verified by the Keck Sequencing Center at Yale University (New Haven, CT).
Expression in Xenopus Oocytes
We used the T7 mMessage mMachine kit (Ambion, Austin, TX) to make cRNA. Isolated Xenopus ovaries (NASCO, Fort Atkinson, WI) were cut into pieces and incubated in 2 mg/ml type-1A collagenase (catalog no. C9891, Sigma-Aldrich, St. Louis, MO) for 40 -50 min. One day after isolation, oocytes were injected either with 25 nl of 1.0 ng/nl RNA encoding AQP5 or with one of the mutants, using a Nanoject II variable volume automatic injector (Drummond Scientific, Broomall, PA; see ref. 32) . Control oocytes were injected with 25 nl of sterile water. The oocytes were used in experiments 4 -5 days after injection. All experiments were performed at room temperature (ϳ22°C).
Solutions
For two-electrode voltage clamp, our standard extracellular solution was ND96 (in mM): 93.5 NaCl, 2 KCl, 1 MgCl2, 1.8 CaCl2, 5 HEPES (pH adjusted to 7.50 with NaOH), mannitol (added to adjust osmolality to 195 mosM H2O). For Cl Ϫ -free solutions, we replaced Cl Ϫ with 101.1 mM total gluconate or with 93.5 mM cyclamate with 7.6 mM gluconate. For Na ϩ -free solutions, we replaced NaCl with 93.5 mM N-methyl-Dglucamine (NMDG, titrated to pH 7.50 with HCl) and then titrated HEPES-free acid with 1 M NMDG. The solutions used in the analysis of anion permeability are a modification of ND96; specifically, we replaced 93.5 mM NaCl with 27.5 mM NaCl and 66 mM NaA (A ϭ Br
For intracellular and surface pH measurements, we used ND96 and 5% CO 2-33 mM HCO 3 Ϫ (similar to ND96, but with 33 mM NaCl replaced by 33 mM NaHCO 3 and equilibrated with 95% O2 and 5% CO2).
Measurement of Oocyte Osmotic Water Permeability
We dropped oocytes into a petri dish containing 100 mosM ND96, using a video camera to record images every 1-2 s, thereby obtaining the time course of the projection area of the oocytes. Then we computed water permeability (P f) as:
where V0 is initial oocyte volume, d(V/V0)/dt is the maximal fractional rate of volume increase, ⌬osM is the osmotic gradient across the membrane, and Vw is the molar volume of water.
Electrophysiological Measurements
Two-electrode voltage clamp. Measurement of whole cell ion conductance was performed by two-electrode voltage clamp, as previously implemented in our laboratory (37) . Briefly, we put an oocyte into a perfusion chamber, impaled with voltage and current-passing electrodes, and then allowed the spontaneous membrane potential (V m) to stabilize. We then turned on the clamp at a command potential close to the spontaneous Vm, executed the voltage-clamp protocol (jumping the holding potential, Vhold, from Ϫ100 to ϩ80 mV, in 20-mV increments), and then immediately turned off the clamp. The reason for examining V hold at voltages as positive as ϩ80 mV is that the mutated AQP5 behaves as an anion channel. When one makes changes in extracellular anionic composition, it is desirable to monitor the effects on anion influx (i.e., outward current) over as broad (i.e., positive) a voltage range as possible. For experiments in which we tested multiple solutions, we obtained control current-voltage (I-V) measurements in ND96 after each test solution, turning off the clamp between I-V protocols. In the figures presented in the present paper, we show only the first control I-V measurement; although not shown, subsequent I-V measurements in ND96 were indistinguishable from the first. Because the I-V relationships generally exhibited outward rectification, we calculated the slope conductance from the two extremes of the I-V curves: G Ϫ100ϳϪ80 (computed between Ϫ100 mV and Ϫ80 mV) to reflect the limiting conductance of inward currents, and G ϩ60ϳϩ80 (computed between ϩ60 mV and ϩ80 mV) to reflect the limiting conductance of outward currents.
pH i and pHS measurements. Our approach for measuring intracellular (pHi) and surface pH (pHS)was the same as previously described (9, 10, 32, 33) . Briefly, oocytes under a dissecting microscope were impaled with both pH i and Vm microelectrodes, and a pHS electrode with a tip diameter of ϳ20 m was placed near the cell surface (see below). Ion-sensitive electrodes were pulled from borosilicate fiber capillaries, silanized, filled with Hydrogen Ionophore I (catalog no. 95293, Fluka Chemical, Ronkonkoma, NY), and connected to a high-impedance electrometer (FD-223, World Precision Instruments, Sarasota, FL). The V m electrodes were filled with 3 M KCl and connected via a calomel half cell to an oocyte clamp OC-725C (Warner Instruments, Hamden, CT). A calomel cell in the bath was the extracellular reference. An analog subtraction network produced the appropriate signals for an A-D converter of a PC.
We used a MPC-200 ultrafine micromanipulator (Sutter Instrument, Novato, CA) to position the tip of the pH electrode at the oocyte surface, and then to further advance it (40 m) until we observed a slight dimple in the cell membrane. Periodically during the experiment, the electrode was withdrawn 200 -300 m from the oocyte for recalibration in the bulk extracellular fluid. A model V3.1 Subtraction Amplifier (Yale University, Department of Cellular and Molecular Physiology) subtracted the voltage of the bath reference electrode from the voltage of the surface pH electrode to produce a voltage due to pH S. Data were acquired using customized software.
Biotinylation and Isolation of Surface-Expressed Proteins in Xenopus Oocytes
We detected AQP5 protein expressed at the plasma membrane using the Pinpoint Cell Surface Protein Isolation Kit (catalog no. 89881, Pierce, Rockford, IL), as previously described (37) . Briefly, oocytes were incubated with Sulfo-NHS-SS-Biotin (1.2 mg/5 ml PBS) ϫ 1 h at 4°C; the reaction was stopped with "quenching solution" (250 l). After oocytes were washed with TBS, they were then homogenized in lysis buffer (10 ml TBS containing 1% Triton X-100 and 1 tablet EDTA-free proteinase inhibitors). Following centrifugation ϫ 10 min at 1,000 g at 4°C, an aliquot of supernatant was collected for determination of total protein, and the rest of the supernatant was incubated at room temperature ϫ 1 h with Immobilized Neutravidin (500 l). After washing the column ϫ 5 with 500 l lysis buffer, we incubated the immobilized material ϫ 1 h with elution buffer (1 ϫ sample buffer and 50 mM DTT), and then collected the eluate (representing surface protein) and performed Western blotting.
Western Blotting
We used a rabbit polyclonal, affinity-purified IgG1 aquaporin 5 (AQP5) antibody (catalog no. AQP51-A, Alpha Diagnostic, San Antonio, TX). Protein samples (1 oocyte per lane for biotinylated protein samples) were heated to 37°C ϫ 5 min and separated on 12% NuPAGE Novex Tris-Glycine Mini Gels (Invitrogen, Carlsbad, CA) before electro-transfer of the gel to PVDF membranes. The blot was first incubated in TBST (TBS plus 0.1% Tween 20) with 10% milk ϫ 1 h to block nonspecific binding. After two brief washes ϫ 10 min in TBST, we incubated the blot in AQP5 antibody at 1:1,000 dilution ϫ 1 h, followed by two brief washes in TBST. We then incubated with secondary antibody (HRP-conjugated goat anti rabbit, MP Biomedicals, Solon, OH) at 1:5,000 dilution ϫ 40 min and washed. We developed the blot with ECL Plus Western Blotting Detection Reagents (Amersham Biosciences, GE Healthcare, Buckinghamshire, UK). Results were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD).
Statistics and Data Analysis
After applying extracellular CO 2-HCO3 Ϫ , we determined the maximum size of the pHS transient (i.e., the "spike height" or ⌬pHS) as previously described (9, 10, (32) (33) (34) . Briefly, we calibrated the pHS electrode before applying CO2-HCO 3 Ϫ (in ND96) by pulling the electrode away from the oocyte and taking a voltage measurement in the bulk extracellular fluid (assumed pH, 7.50). After returning the pH S electrode to the oocyte surface, we used the preceding calibration to compute initial pHS. After the switch to CO2-HCO 3 Ϫ , we noted the voltage when pHS peaks and compute pHS by comparing this voltage reading with that obtained a few minutes later when we again withdraw the pH S electrode to the bulk extracellular fluid. From the difference between the two computed pHS values, we computed ⌬pHS. From the ⌬pHS of an oocyte expressing an AQP5, we subtract the mean ⌬pHS of day-matched H2O-injected (i.e., control) oocytes. The resulting difference is the channel-dependent ⌬pHS (⌬pHS*).
Data are shown as means Ϯ SE. In comparing mean values of two groups, we used Student's t-test (two-tailed). For more than two groups, we used one-way ANOVA followed by Tukey's for post hoc testing. We performed these analyses with Minitab 16.2.2 software, considering P Ͻ 0.05 as significant. The "n" represents the number of oocytes. Figure 1 shows representative I-V relationships obtained from oocytes injected 3 days before experiments with H 2 O, or with cRNA encoding AQP5 or L51R. After exposing oocytes to ND96 and allowing V m to stabilize, we obtained I-V curves. The G ϩ60ϳϩ80 slope conductances, computed between ϩ60 and ϩ80 mV, were extremely low for both H 2 O-injected (6.1 Ϯ 1.2 S, n ϭ 8) and AQP5-expressing (6.5 Ϯ 1.3 S, n ϭ 8) oocytes; these values are not statistically different (P Ͼ 0.05). On the other hand, oocytes expressing L51R had sizeable outwardly rectifying currents. The slope conductance obtained from L51R-injected oocytes (G ϩ60ϳϩ80 ϭ 730 Ϯ 107 S, n ϭ 12) was substantially larger (one-way ANOVA, P Ͻ 0.0001).
RESULTS
L51R Induces a Novel Conductance Pathway
As noted in the Introduction, the mutations in AQP0, 1, and 2 that are analogous to N60G in AQP6 do not create a conductance because they do not appear on the plasma membrane. We found that AQP5-G50N also does not create a conductance (not shown), even though its surface abundance is 41.6 Ϯ 3.8% of that of wild-type (WT) AQP5.
The L51R-Induced Current Is Intrinsic to the Protein
To test whether the L51R-induced current passes through the protein, we examined the mercury derivative p-chloromercuribenzene sulfonate (pCMBS) on oocytes expressing AQP5-L51R. After obtaining the first I-V curve, we removed the oocyte from the chamber and incubated with 1 mM pCMBS in ND96 for 30 min. After washing off the pCMBS with either plain ND96 or ND96 with albumin (the presence of albumin had no effect), we obtained the I-V relationship and P f .
We found that pCMBS reduces the L51R-induced current by ϳ50% over the whole voltage range measured ( Fig. 2A) . Because Cys182 is in the mouth of the monomeric pore (19), we created the double mutant L51R/C182S to test whether the L51R-induced current would now become pCMBS sensitive. By itself, the double mutant carries only ϳ50% as much current as L51R. However, it is no longer sensitive to pCMBS (Fig. 2B) .
The P f data in Fig. 2C show that both L51R and L51R/ C182S have an osmotic water permeability as low as that of H 2 O-injected oocytes. The reduced P f is not due to decreased surface expression, inasmuch as biotinylation assays show that these two mutants are well expressed on the oocyte surface (Fig. 2D) .
Taken together, the data of Fig. 2 show that the effect of the L51R mutation is to convert the monomeric water pore to an ion channel that no longer carries H 2 O. 
The L51R Mutation Creates a Poorly Selective Anion Conductance
To identify the major ions that carry the current, we incubated the oocytes in either 0-Na ϩ or 0-Cl Ϫ solutions and then obtained I-V relationships. Replacing Na ϩ with NMDG ϩ (0 Na ϩ in Fig. 3A ) had no significant effect on the inward current (as judged by the slope conductance, G Ϫ100ϳϪ80 , between Ϫ100 and Ϫ80 mV), the outward current (G ϩ60ϳϩ80 , between ϩ60 to ϩ80 mV), or on the zero-current potential (control: Ϫ23.6 Ϯ 0.7 mV, n ϭ 7; 0 Na ϩ : Ϫ24.1 Ϯ 0.6 mV, n ϭ 7). Replacing the Cl Ϫ in the ND96 solution with gluconate (0 Cl Ϫ in Fig. 3A ) had no effect on the inward current G Ϫ100ϳϪ80 but substantially shifted the zero-current potential in the positive direction (ϩ37.4 Ϯ 5.2 mV, n ϭ 7). In addition, Cl One oocyte yielded data in all three solutions, with the Na ϩ -free and Cl Ϫ -free solutions presented in random order. Neither Na ϩ nor Cl Ϫ removal had a significant effect on slope conductance between Ϫ100 and Ϫ80 mV (GϪ100ϳϪ80; one-way ANOVA, Tukey's, P Ͼ 0.05 for both 0 Na and 0 Cl). However, Cl Ϫ removal but not Na ϩ removal significantly decreased the slope conductance between ϩ60 and ϩ80 mV (Gϩ60ϳϩ80; one-way ANOVA, Tukey's, P Ͻ 0.05). To rule out an idiosyncratic effect of gluconate, we instead replaced Cl Ϫ with cyclamate, finding no significant difference between cyclamate and gluconate substitutions (cyclamate in Fig. 3B) . Thus, the large decrease in outward current in Fig. 3 , A and B, is due to the absence of Cl Ϫ . In the standard ND96, nearly all of the outward current at ϩ80 mV is carried by Cl Ϫ entering the cell, and we can conclude that AQP5-L51R is predominantly an anion channel.
To assess the anion conductance in more depth, we used ND96 solutions in which we replaced 66 mM Cl Ϫ with 66 mM of other anions: either Br
, HCO 3 Ϫ , or gluconate (Fig. 4, A-C) . Replacing Cl Ϫ with Br Ϫ , NO 2 Ϫ , NO 3 Ϫ , or I Ϫ increased outward current and shifted the zero-current potential from Ϫ20.4 Ϯ 0.5 mV to more negative values. For HCO 3 Ϫ or gluconate, replacing Cl Ϫ decreased outward current and shifted the zero-current potential to more positive voltages. Figure 4D summarizes reversal potential (E rev ) of each anion and indicates an anion permeability sequence of
L51 Mutants Have Distinctive Combinations of Conductance, P f , ⌬pH S *, and Surface Expression
To understand better how mutations at position Leu51 affect H 2 O and CO 2 permeability, we made six additional L51 mutants. We chose L51V as representative of nonpolar amino acids, L51T as representative of amino acids with polar uncharged side chains, L51D and L51E as amino acids with negatively charged side chains, and L51K and L51H as the remaining two amino acids with positively charged side chains. For each mutant, we obtained I-V curves, water permeability, a measure of CO 2 permeability (pH S assay), and a measure of surface expression (biotinylation). On an experiment day, we performed electrophysiological assays (I-V or pH S ) in the morning until mid-afternoon, and then later in the afternoon perform P f assays on the same oocytes if they were still healthy. On four different batches of oocytes, we also performed biotinylation assays.
Slope conductance. Figure 5 summarizes data obtained by two-electrode voltage clamp on L51R and the six new mutants. Three of the mutants had G ϩ60ϳϩ80 slope conductances indistinguishable from those of H 2 O-injected (6.1 Ϯ 1.2 S, n ϭ 8) or AQP5-expressing oocytes (6.5 Ϯ 1.3 S, n ϭ 8): L51T (7.1 Ϯ 3.5 S, n ϭ 9), L51V (4.6 Ϯ 1.3 S, n ϭ 9) and L51E (7.3 Ϯ 3.1 S, n ϭ 9). Three other mutants had significantly higher G ϩ60ϳϩ80 values: L51D (17.0 Ϯ 3.5 S, n ϭ 9), L51H (54.9 Ϯ 16.6 S, n ϭ 10), and L51K (269.5 Ϯ 66.8 S, n ϭ 10). In terms of G ϩ60ϳϩ80 , the mutants fall in the sequence L51R Ͼ L51K Ͼ L51H Ͼ L51D Ͼ L51E Х L51T Х L51V Х AQP5 WT. This sequence corresponds approximately to positively charged side Gluconate According to a one-way ANOVA followed by a Tukey's, the slope conductance between ϩ60 and ϩ80 mV (Gϩ60ϳϩ80) for L51R (white circles) is significantly greater than for L51K (gray circles; P Ͻ 0.05), which is significantly greater than for L51H (black circles; P Ͻ 0.05), which is significantly greater than for L51D (white triangles; P Ͻ 0.05), which is significantly greater than Gϩ60ϳϩ80 for L51T (white diamonds), L51V (black diamonds), L51E (black triangles), AQP5-WT (not shown), and H2O-injected oocytes (not shown). The vertical bars represent standard errors and are omitted when smaller than the symbol. The number of observations is 38 for L51R and 9 -12 for each of the other groups.
chains Ͼ negatively charged side chains Ͼ polar uncharged side chains Х nonpolar side chains. For the R, K, and H mutants, the slope conductances fall in the sequence of the pK values in free solution: 12.1-12.5 (R) Ͼ 10.5-10.7 (K) Ͼ 6.0 -6.1 (H).
Water permeability. The P f values of the L51T and L51V mutants were similar to that of AQP5 WT, and thus substantially higher than that of H 2 O-injected oocytes. The P f values of the remaining L51 mutants were low compared with AQP5 WT, falling in the sequence AQP5 WT Ͼ L51H Ͼ L51K Ͼ L51R Х L51E Х L51D Х H 2 O (Fig. 6A) . L51D, L51E, and L51R were not significantly different from H 2 O-injected oocytes.
In Fig. 6B , we examined the relationship between P f values (y-axis) and slope conductance (x-axis) of these L51 mutants. We see that, for the amino acids with positively charged side chains (L51R, L51K and L51H), P f falls as slope conductance rises. For the polar uncharged side chain (L51T) and the nonpolar side chain (L51V), P f and slope conductance are similar to the values of AQP5 WT (i.e., high P f and a low slope conductance that is not different from H 2 O), and plot up and to the left of the L51H point. For amino acids with negatively charged amino acids (L51D and L51E), both P f and slope conductance are very low. One way of viewing L51D and L51E is that, because they have such a low G, they should have a high P f (like L51T or L51V). Alternatively, because L51D and L51E have such a low P f , they ought to have a G that is even higher than L51R. Instead, these two mutants are paradoxical, and plot near the origin.
CO 2 permeability. Figure 7 shows representative pH S records of all L51 mutants. In all cases, we first exposed the oocytes to ND96. During the period indicated by the gray background, we withdrew the electrode to the bulk solution (pH 7.50 in ND96) for calibration. Afterwards, we advanced the electrode so that it touched the oocyte surface. Finally, we replaced the ND96 with 5% CO 2 -33 mM HCO 3 Ϫ ; this elicits an alkaline pH S spike due to CO 2 influx and the following reaction on the cell surface: HCO 3 Ϫ ϩ H ϩ ¡ CO 2 ϩ H 2 O. As the CO 2 equilibrates across the membrane, the reaction slows and the spike decays. Finally, in the continued presence of 5% CO 2 -33 mM HCO 3 Ϫ , we again withdrew the electrode from the oocyte for calibration in the bulk solution. For each oocyte expressing AQP5 WT or a mutant, we recorded the maximal Fig. 7 . Representative records of surface pH (pHS) for oocytes expressing AQP5-WT or L51 mutants and exposed during the indicated period to 5% CO2-33 mM HCO 3
Ϫ
. Each set of three pHS records includes one obtained from an oocyte expressing AQP-WT (teal), H2O (gray), and an L51 mutant (red), all obtained on the same day. The gray background indicates periods during which the pHS electrode is withdrawn from the oocyte surface to the bulk extracellular fluid (pH 7.50) for calibration. The mean ⌬pHS for the H2O-injected oocytes is 0.083 Ϯ 0.005 (n ϭ 25). In the absence of oocytes, the mean "background" ⌬pHS on the same days as the experiments was 0.033 Ϯ 0.002 (n ϭ 14). This difference probably reflects small differences in the actual pH of the ND96 and CO2-HCO 3 Ϫ solutions as well as differences in electrode behavior in the two solutions. Thus, the true ⌬pHS values, corrected for the background ⌬pHS, would be ϳ0.03 less than the apparent values for all pHS records in this figure. For example, applying this background correction, the ⌬pHS for WT AQP5 would be about 0.14 Ϫ 0.03 ϭ 0.11, and the ⌬pHS for H2O oocytes would be 0.08 Ϫ 0.03 ϭ 0.05, so that the ⌬pHS ratio of AQP5/H2O would be ϳ2.2. Such a correction for background ⌬pHS obviously would have no effect on ⌬pHS* values in Fig. 8 . increase in pH S (⌬pH S ) and from this value subtract the mean ⌬pH S for day-matched H 2 O-injected oocytes. The resulting difference is the channel-dependent ⌬pH S (⌬pH S *). Figure 8A summarizes the ⌬pH S * data for a larger number of experiments like those in Fig. 7 . For the nonpolar L51V and the polar uncharged L51T, the ⌬pH S * is not significantly different from AQP5 WT. On the other hand, the mutants with charged side chains (L51D, L51E, L51R, L51K, and L51H) all had significantly reduced ⌬pH S * values.
In Fig. 8B , the plot of ⌬pH S * (y-axis) versus slope conductance (x-axis) shows that, for L51V, L51T, L51K, and L51R, ⌬pH S * falls as slope conductance rises. As was the case for the plot of P f versus slope conductance (Fig. 6B ), L51D and L51E are near the origin in Fig. 8B . Moreover, L51H is near the origin as well; its CO 2 permeability is substantially lower than one would expect, given the positions of L51K and L51R on the plot of ⌬pH S * versus slope conductance in Fig. 8B .
Surface expression. Figure 9 summarizes our biotinylation data for the surface expression of L51 mutants. Note that the surface expression of mutants with negatively charged side chains (L51D and L51E) was significantly lower than for the others. For the other mutants, surface expression was not different from WT.
DISCUSSION
The only naturally occurring AQP5 mutation of which we are aware is G103D on transmembrane (TM) 3 of rat AQP5 (23, 31) . Rats with this mutation have an extremely low membrane expression of AQP5 in the submandibular gland acinar cells and exhibit decreased water secretion from their salivary glands. In MDCK-II cells this mutation is associated with less efficient membrane trafficking and increased lysosomal degradation. Nevertheless, this mutant AQP5 has a P f similar to that of WT AQP5 in the Xenopus oocyte system. In the present study, we identify a novel conductance produced by the AQP5 mutant L51R. This conductance is intrinsic to AQP5, mainly carried by Cl Ϫ and has an anion selectivity of
The mutation simultaneously interferes with CO 2 permeability.
Oocytes Expressing AQP5-L51R Have a Novel Conductance
Conductance is not a common characteristic of the 13 known WT mammalian aquaporins. In fact, only AQP6 normally functions as an ion channel and, conversely, only AQP6 normally lacks H 2 O permeability (56). After Liu et al. (28) found that a single mutation (i.e., N60G) can switch AQP6 from an anion channel to a water-selective channel, they tried to make the reverse conversion by making the G-to-N mutations for AQP0, 1, and 2. However, they did not observe any conductance or surface expression. Likewise, we found that the mutation G50N did not make AQP5 an ion channel, even though this mutation did generate significant surface expression. However, we found that a mutation one amino acid downstream of G50, namely L51R, can generate a sizeable conductance (Fig. 1) . As far as we are aware, this is the first evidence that a single mutation can engender an ion conductance in an aquaporin.
The Conductance Is Intrinsic to AQP5-L51R
A hallmark of AQP1 is inhibition by mercurials. By individually mutating the four Cys residues of AQP1 to Ser, Preston et al. (41) Cys189, which lies two residues upstream of the second NPA motif. AQP5 is also sensitive to HgCl 2 (27) . We found that treating AQP5-L51R with pCMBS reduces the current by ϳ50% (Fig. 2) . We hypothesized that this effect of pCMBS could be due to a reaction with C182 on the L51R mutant, inasmuch as C182 is located at the mouth of the aquapore. Therefore, we made the double mutant L51R/ C182S, which by itself has only half as much current as L51R. However, in oocytes expressing L51R/C182S, treatment with pCMBS no longer reduces the current. Given the sensitivity of the current of L51R to pCMBS, and the insensitivity of L51R/C182S to pCMBS, the anion-conductive pathway is almost certainly intrinsic to L51R.
The AQP5-L51R Conductance Is Anion Selective
The large shift of E rev caused by the removal of extracellular Cl Ϫ (replaced with either gluconate or cyclamate) indicates that Cl Ϫ carries the majority of the current. On the other hand, the removal of Na ϩ did not cause a significant change in slope conductance at either of the extreme voltages, implying that Na ϩ does not make a substantial contribution to current. The anion permeability sequence of AQP5-L51R ( Fig. 3 and Fig. 4 ) is similar to that of WT AQP6 (NO 3
refs. 14, 56). The current generated by AQP5-L51R is significantly higher than that of WT AQP6 (28) . At a V m of ϩ50 mV, AQP6 had a current of ϳ1,000 nA whereas AQP5-L51R had a current of 11 A (Ͼ10-fold higher). Although the structure of AQP6 has not been solved, Liu et al. (28) predicted that the aquapore of AQP6 should be larger than that of AQP1 (2.8 Å at its narrowest point), inasmuch as AQP6 is permeable to ions (e.g., SCN Ϫ and NO 3 Ϫ ) that would be too large to pass the narrowest point of AQP1 (28) . On the other hand, the structure of AQP5 reveals a minimum aquapore radius similar to that of AQP1 (19) . Although the structure of AQP5-L51R does not exist, we would anticipate that the mutation either increases the minimum aquapore diameter or allows the molecule to breath sufficiently to accommodate the anions.
Another difference between the conductance of WT AQP6 and AQP5-L51R is that AQP6 has a much greater selectivity for NO 3 Ϫ over the much smaller Cl Ϫ (20) .
Structure Plays a Key Role in Determining Conductance
The structures of many AQPs have already been solved by Cryo-EM or X-ray crystallography: mammalian AQP0 (13), AQP1 (46), AQP4 (17, 18) , and AQP5 (19) as well as the bacterial aquaporins AqpZ (21, 44) and glpF (47) , the archaeal AqpM (26) , and the plant aquaporin SoPIP2;1 (48) . Leucine 51 is conserved in all mammalian AQPs except aquaglyceroporins AQP3, 7, and 9. This leucine is located at the point where TM 2 and TM 5 of each monomer cross as they form one-fourth of the wall of the central pore, with the leucine side chain pointing into the central pore. Our results showed that AQP5-L51R loses its normal function as a H 2 O/CO 2 channel, and instead becomes an anion channel. It is possible that the mutual repulsion of four positive charges on the arginine residues leads to a distortion of the aquapores, converting them from H 2 O to anion channels. Structures of WT AQP6 as well as of AQP5-L51R and other mutants examined in the present study would be invaluable in elucidating the structural basis of the H 2 O-channel/anion-channel switches. In addition, even without new structural data, new molecular dynamics studies might be able to shed light on how AQP5 mutations could affect H 2 O and CO 2 permeability versus CO 2 conductance.
The AQP5 mutants L51T (polar) and L51V (nonpolar) do not exhibit conductance (Fig. 5 ) but maintain normal P f (Fig.  6 ) and CO 2 permeability (Figs. 7 and 8) , perhaps because neither threonine nor valine lack the charge necessary to distort the AQP5 aquapore significantly. We also note that these two substitutions might maintain the hydrophobic character of the central pore, which could be important if the central pore plays a significant role in CO 2 permeation through AQP5.
The AQP5 mutants L51D and L51E (negatively charged side chains) lose both H 2 O (Fig. 6 ) and CO 2 permeability (Figs. 7 and 8) . Like the WT, AQP5-L51E lacks a significant conductance. However, AQP5-L51D has a very small but significant conductance. The loss of H 2 O permeability could be due to a distorted aquapore, perhaps a consequence of the mutual repulsion of four negative charges in the central pore. The loss of CO 2 permeability could be due to a distorted aquapore or to an interruption, by the four negative charges, of the hydrophobic character of the central pore.
The AQP5 mutants L51R, L51K, and L51H (positively charged side chains), like L51D and L51E, lose both H 2 O (Fig.  6 ) and CO 2 permeability (Figs. 7 and 8) . However, they all generate relatively large conductances, in the order R Ͼ K Ͼ H (Fig. 5) . Moreover, the fall in conductance is associated with a rise in P f (Fig. 6B) , consistent with a graded transition of the aquapore from an anion channel to a H 2 O channel. The fall in conductance from AQP5-L51R to L51K is also associated with a rise in CO 2 permeability (Fig. 8B) . However, L51H violates this pattern by producing a lower CO 2 permeability than L51K, even though its H 2 O permeability is rather high. This observation is consistent with the speculation that at least some of the CO 2 moves through AQP5 via a pathway, perhaps the central pore, that is independent of the aquapores.
The Lipid in the Central Pore of AQP5
The X-ray crystal structure of human AQP5 expressed in Pichia by Horsefield et al. (19) shows that nearly the entire central pore is filled by the alkyl chain and a portion of the glycerol backbone of a phosphatidylserine: a phospholipid that is naturally present in the membranes of P. pastoris. Horsefield et al. suggest that the lipid is unlikely to affect the AQP5 structurally and that the occlusion of the pore by the lipid could serve a regulatory role that would prevent the transport of gas. In a more recent in silico study, Zhang and Chen (57) concluded that the dissociation constant of the lipid is ϳ6.1 M, and that, when the lipid is not occluding the pore, the central pore could serve as a conduit for O 2 . Given the similarity of the central pore of AQP5 to that of AQP1, which is predicted by molecular dynamics simulations to conduct both O 2 and CO 2 (54), we would expect the central pore of AQP5 to conduct CO 2 as well. The extent to which phosphatidylserine would block the central pore of AQP5 in oocytes would obviously depend on the concentration of this lipid in the oocyte.
Conclusion
We demonstrate that a single amino acid mutation can switch AQP5 from a H 2 O/CO 2 channel to an anion channel, the conduc-tive properties of which are similar in some respects to those of AQP6. The simplest explanation for our data is that the mutations of Leu51 distort the aquapores, causing them to become better anion channels and poorer H 2 O and CO 2 channels. By reducing the hydrophobic character of the central pore, these mutations would simultaneously diminish the CO 2 permeability of this pathway. Half of the anion conductance of L51R is sensitive to pCMBS and thus likely to occur via the aquapores. The remaining anion conductance could also occur via the aquapores, or via a central pore that now has a sufficiently hydrophilic character that it can conduct anions but not CO 2 .
